Vibrio anguillarum serotype O2 strains express a 40-kDa outer membrane porin protein. Immunoblot analysis revealed that antigenic determinants of the V. anguillarum O2 40-kDa porin were conserved within bacterial species of the genus Vibrio. The relative amounts of the V. anguillarum O2 40-kDa porin were enhanced by growth of V. anguillarum O2 in CM9 medium containing 5 to 10% sucrose or 0.1 to 0.5 M NaCl. In contrast, the levels of the porin were significantly reduced when cells were grown at 37°C, and a novel 60-kDa protein was also observed. However, the osmolarity or ionic concentration of the growth medium did not influence expression of the 60-kDa protein. Growth in medium containing greater than 0.6 mM EDTA reduced production of the V. anguillarum O2 40-kDa porin and enhanced levels of a novel 19-kDa protein. Thus, expression of the V. anguillarum O2 40-kDa porin was osmoregulated and possibly coregulated by temperature. The N-terminal amino acid sequence of the V. anguillarum O2 40-kDa protein and the effect of environmental factors on the cellular levels of the porin suggested that the V. anguillarum O2 40-kDa porin was functionally similar to the OmpC porin of Escherichia coli. However, pore conductance assays revealed that the V. anguillarum O2 40-kDa porin was a general diffusion porin with a pore size in the range of that of the OmpF porin of E. coli.
The outer membranes of gram-negative bacteria contain a family of pore-forming proteins, or porins, which form large water-filled channels for passive uptake of small hydrophilic molecules into the periplasm. Other porin proteins facilitate transport of specific nutrients across the outer membranes and are produced when the bacteria are cultured under specific nutrient conditions. Porin proteins share other characteristics, including assembly in vivo into trimeric complexes, close association with the peptidoglycan, and trypsin insensitivity (15, 27) . Although several studies have examined the outer membrane profiles of different serotypes of Vibrio anguillarum (8, 29) , only the outer membrane proteins involved in iron uptake mechanisms have been fully characterized and have had their genes cloned (1, 39) . To date, the porins which have been described for V. anguillarum include a 40-kDa major outer membrane protein (MOMP) of serotype O1 strains (33) and a 35-kDa porin-like protein (Omp35La) (36) . Reconstitution of the purified 40-kDa MOMP into model lipid bilayer membranes showed that the protein forms large water-filled channels with weak cationic selectivity and is functionally similar to the Escherichia coli OmpF porin (33) . The Omp35La protein was identified as a porin protein by comparison of the Nterminal amino acid sequence to those of known bacterial porins and by identity with OmpF and OmpC of E. coli. It is not known whether the 40-kDa MOMP and Omp35La represent a single porin or two different porins of V. anguillarum; however, antigenic analyses with polyclonal sera suggested that these proteins were conserved in all serotypes of the bacterium (33, 36) .
The expression of the OmpF and OmpC porins in E. coli is influenced by a variety of environmental factors, including temperature, osmolarity, toxins, and antibiotics (19, 26, 27) . OmpF, which forms the larger channel (1.2 nm), is predominantly enhanced by growth in medium with low osmolarity and low temperature and is repressed by oxidative stress, toxins, and antibiotics. Growth in medium with high osmolarity, high temperature, and antibacterial factors favors expression of the smaller-channel (1.1-nm) OmpC porin, with a concomitant decrease in the overall permeability of the outer membrane (15, 19, 26, 27) . The growth conditions which influence the expression of the V. anguillarum porin proteins are not known. V. anguillarum causes vibriosis, a bacteremic infection of marine, feral, and cultured fish species (2, 3, 32, 34) , and can become established in freshwater environments (31) . Although the major route of infection is not entirely determined, transmission is primarily water borne, and the gastrointestinal tract may be the major site of infection in fish (28) . Therefore, V. anguillarum has to adapt both to the marine or freshwater environment and to the gastrointestinal tract and systemic environments of the fish. The bacterium is subject to the nutritional, osmotic, and ionic concentrations inherent in these diverse environments.
It was therefore of interest to examine the influence of culture (medium and environmental) conditions on the relative amounts of the MOMP of V. anguillarum serotype O2 in cell lysates. We report that the apparent amounts of the V. anguillarum O2 40-kDa MOMP were increased by growth in medium with high osmolarity and containing high salt concentrations and were decreased by growth at 37°C and in medium containing the chelator EDTA. Novel proteins of 60 and 19 kDa were observed in cell lysates of V. anguillarum O2 grown at an elevated temperature (37°C) and in EDTA-containing medium, respectively. In an attempt to further characterize the 40-kDa MOMP, the protein was purified, the N-terminal amino acid sequence was obtained, and the porin activity was defined by a model lipid bilayer system. These data suggest that the V. anguillarum O2 40-kDa porin pore is functionally similar to that of the E. coli OmpF porin. However, unlike the OmpF porin, the V. anguillarum O2 MOMP was synthesized in larger amounts at high medium osmolarity and salt concentrations, factors which favor expression of the OmpC porins.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are shown in Table 1 . V. anguillarum serotype O2 strain ATCC 19264 (3) was used for preparations of the outer membrane proteins. V. anguillarum O2 was differentiated from the closely related Vibrio ordalii by serotyping (21) and by rate of growth at 25°C (2) . In this study Vibrio species were routinely grown in Luria-Bertani (LB) broth or agar medium containing 10 g of NaCl per liter (85.6 mM) at 25°C, while Vibrio salmonicida strains were grown at 15°C. The minimum concentrations of NaCl required for optimum growth of V. anguillarum strains range from 60 to 100 mM (4) . Aeromonas, Edwardsiella, and Yersinia strains were cultured at 25°C in LB medium containing 10 g of NaCl per liter. All other bacterial strains were grown in LB medium at 37°C. For analyses of the effects of growth conditions and medium composition on expression of the outer membrane proteins, V. anguillarum O2 was grown in CM9 minimal medium (39) containing various concentration of EDTA, sucrose, or NaCl. The CM9 broths were inoculated with 1% of an exponential-phase culture adjusted to an optical density at 520 nm (OD 520 ) of 1.0. The initial inoculum of the cultures was calculated to be 9 ϫ 10 4 to 9.5 ϫ 10 4 CFU/ml. Readings (OD) were taken following a 16-, 24-, or 48-h incubation period. Determinations of CFU per milliliter were performed by plating 100-l samples from dilutions of the cell culture on LB agar in triplicate. Preparation of bacterial cell lysates, SDS-PAGE, and Western immunoblot analyses. Bacterial cells were grown in LB or CM9 broth for 16, 24, or 48 h. The cells were harvested, and the cell pellet was suspended in phosphate-buffered saline (PBS) (10 mM phosphate buffer [pH 7.4], 150 mM NaCl) to an OD 520 of 1.0. A 1.0-ml sample of the suspension was centrifuged, and the cell pellet was suspended in 0.1 ml of lysis buffer (10 mM Tris-HCl, 2% sodium dodecyl sulfate
[SDS], 10 mM EDTA [pH 9.0]), incubated at 37°C (1 h), neutralized with HCl, and mixed with 0.1 ml of 2ϫ SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol [2-ME], 0.1% bromophenol blue). The cell lysates were heat treated for 10 min, and 20-l samples were loaded onto gels. SDS-PAGE was performed as described by Laemmli (14) with 12% separating gels. The gels were silver stained or stained with Coomassie brilliant blue R250 to visualize lipopolysaccharide (LPS) molecules (41) and proteins, respectively. Western immunoblot analysis and detection of antigens by polyclonal and monospecific antibodies were performed as previously described (21, 22, 40) .
Preparations of the 40-kDa MOMP. The crude cell envelope fraction was prepared from 6 liters of a 16-h broth culture of V. anguillarum O2 by using French pressure lysis procedures as described by Sprott et al. (35) . The crude cell envelope fraction was extracted with 1% (wt/vol) sarcosine (sodium N-lauroylsarcosinate), and the sarcosine-insoluble fraction containing outer membrane proteins (10) was subsequently extracted with 2% SDS in 10 mM Tris-HCl (pH 7.7, 37°C) to obtain a pellet containing the peptidoglycan-associated proteins (25) . Further extraction of this pellet with sodium deoxycholate (SDOC) buffer (NaCl-SDOC [0.5 M NaCl, 1% SDOC, 5 mM EDTA, 50 mM Tris-HCl, pH 7.7] ) and centrifugation at 100,000 ϫ g (1 h, 25°C) yielded a soluble fraction enriched in the 40-kDa MOMP and containing a few other minor protein bands. A 2-ml sample (0.5 mg of protein/ml) of the NaCl-SDOC-soluble proteins was applied to a column of Sephacryl S-300 filtration matrix (1.6 mm by 60 cm) equilibrated with NaCl-SDOC buffer. The column was eluted with NaCl-SDOC buffer at a flow rate of 0.3 ml/min, and 2.5-ml fractions were collected. A 20-l sample of each fraction was analyzed for presence of the 40-kDa MOMP by SDS-PAGE analysis. Fractions containing the 40-kDa protein and devoid of LPS were used for chemical and functional analyses of the protein. Protein concentrations were estimated by the bicinchoninic acid method with the Micro BCA protein assay reagent (Pierce, Rockford, Ill.) with bovine serum albumin as a standard.
Monospecific and polyclonal antibodies. Polyclonal rabbit and rainbow trout sera and monoclonal antibodies against V. anguillarum antigens were generated as previously described (21, 22) . Polyclonal serum against the crude (NaCl-SDOC-soluble) 40-kDa MOMP of V. anguillarum O2 was generated by immunizing rabbits with the protein eluted from gels or with homogenized nitrocellulose strips containing the purified antigen and emulsified in Freund's incomplete adjuvant. These antigen preparations also contained LPS and other For preparation of affinity-purified monospecific antiserum against the MOMP, 0.6 mg of the LPS-free 40-kDa MOMP purified by gel filtration chromatography was coupled to 0.3 g of cyanogen bromide-activated Sepharose 4B beads as described by the manufacturers. Excess protein binding sites on the matrix were blocked by addition of 0.2 M glycine. The affinity matrix, now containing covalently bound protein, was mixed with polyclonal serum against the crude 40-kDa MOMP of V. anguillarum O2, incubated for 16 h at 4°C, and washed extensively with PBS to remove unbound serum proteins. The bound antibodies were eluted with 0.1 M glycine-HCl (pH 2.5) and immediately neutralized with solid Tris base to pH 8.5. These affinity-purified monospecific antibodies against the 40-kDa MOMP of V. anguillarum O2 were designated MOMP-Ab.
Porin conductance measurements. The pore-forming activities of the 40-kDa MOMP of V. anguillarum O2 purified by gel filtration (LPS free) and by NaCl-SDOC extraction (LPS containing) were assessed in a black-lipid model membrane system with planar lipid bilayers as previously described by Woodruff et al. (43) . Lipid bilayers were made from 1.5% ( Amino-terminal sequencing and amino acid composition analysis. The LPSfree 40-kDa MOMP purified by gel filtration chromatography was subjected to SDS-PAGE, transferred to a polyvinylidene difluoride filter, and subjected to N-terminal amino acid sequencing and total amino acid analysis. Amino acid sequencing was performed with a model 473 pulsed liquid protein sequenator (Applied Biosystems Inc., Culver City Calif.) with an attached on-line analyzer (Applied Biosystems model 120A). N-terminal amino acid sequencing and amino acid composition analysis were performed by standard techniques (17) by S. Kielland (Department of Biochemistry and Microbiology, University of Victoria, Victoria, Canada).
Protease digestion of V. anguillarum O2 whole cells and purified proteins. Bacterial cells were harvested from a 16-h (37°C) broth culture, washed once, and suspended in PBS. The cell suspension and the purified 40-kDa MOMP were adjusted to protein concentrations of 2 and 0.5 mg/ml, respectively, in PBS. Increasing concentrations of trypsin were added to 400-l samples of the cell suspension and MOMP to obtain a final protease-to-total protein ratio of 1:800 to 1:16 and incubated for 16 h at 37°C. Trypsin digestion was terminated by addition of 15 g of trypsin inhibitor per ml to the samples. The digests were mixed with an equal volume of 2ϫ SDS-PAGE buffer and heated at 100°C for 10 min, and 20 g of protein per lane was loaded on gels.
RESULTS
Effects of growth conditions on expression of the 40-kDa MOMP. V. anguillarum O2 bacterial cells were grown in CM9 minimal salts medium with modifications in the concentrations of EDTA (a chelator for magnesium and calcium ions), NaCl (ionicity), and sucrose (medium osmolarity). The apparent amounts of the 40-kDa MOMP in V. anguillarum O2 cell lysates were examined by SDS-PAGE and Western immunoblot analysis with polyclonal serum and the monospecific MOMPAb.
Based on the intensity of staining of the 40-kDa MOMP band in Coomassie blue-stained gels and on Western blots, growth of V. anguillarum at 25°C appeared to favor expression of the MOMP (Fig. 1A, lane 3 ) in comparison to growth of the bacterium at 18, 37, or 15°C (Fig. 1A, lanes 1, 2, and 4 , respectively). Furthermore, when cells were grown at 37°C, the level of expression of the 40-kDa MOMP was greatly reduced, while expression of a new protein with an apparent molecular mass of 60 kDa was observed (Fig. 1A, lane 2) . This novel 60-kDa protein did not react on Western immunoblots with the monospecific MOMP-Ab (Fig. 1B, lane 2) or with polyclonal serum against V. anguillarum O2 cells (data not shown). Growth of V. anguillarum O2 cultures was significantly decreased at temperatures of above 25°C (Table 2) . V. anguillarum O2 cell cultures grown at 37°C showed only 1.5 ϫ 10 5 CFU/ml, compared to 3.8 ϫ 10 6 and 3.2 ϫ 10 7 CFU/ml for cultures grown at 18 and 25°C, respectively, after 16 h of incubation with or without agitation.
The effects of limitation of magnesium and calcium divalent ions on the expression of the 40-kDa MOMP were examined by growth of V. anguillarum O2 in medium containing increasing amounts (0 to 5.0 mM) of the chelator EDTA. At above 0.6 mM EDTA, a decreased expression of the MOMP was observed concurrent with the appearance of a novel molecule with an approximate molecular mass of 19 kDa (Fig. 2, lanes 3  and 4) . Failure of the novel 19-kDa protein to react with the polyclonal V. anguillarum O2 serum (not shown) or the monospecific MOMP-Ab (Fig. 2B, lanes 3 and 4) suggests that the protein was not a proteolytic peptide of an extant cellular protein and was induced by growth of the bacterium in medium containing EDTA. Growth of the bacterium was adversely affected by addition of as little as 0.6 mM chelator to the medium, and at 5 mM, EDTA was bacteriostatic for V. anguillarum O2 cells (Table 2) .
Increasing the ionicity and osmolarity of the growth medium by the addition of 0.1 to 0.5 M NaCl positively affected expression of the 40-kDa MOMP (Fig. 3A, lanes 3 to 6) . Optimum growth of V. anguillarum occurred at NaCl concentrations of V. anguillarum O2 cultures were grown in CM9 for 16 h at the indicated temperatures, and cell suspensions were adjusted to an OD 520 of 1 (1 ϫ 10 9 to 3 ϫ 10 9 CFU/ml). The cell pellet from 1 ml of the suspension was lysed in 60 l of sample buffer (with 2-ME and SDS) and heated for 10 min at 100°C, and 10-l samples were loaded in each lane. between 0.05 and 0.1 M, and growth was inhibited by 0.8 M NaCl (Table 2) . Interestingly, V. anguillarum strains also showed growth in CM9 without added NaCl. However, CM9 contains magnesium and calcium ions, which may reduce minimum requirements of the bacterium for sodium ions. Thus, NaCl enhanced growth of V. anguillarum O2 but was not essential for viability of the bacterium. Similarly, expression of the 40-kDa MOMP was enhanced when only the osmolarity of the medium was adjusted through addition of increasing amounts (0 to 10%) of sucrose to CM9 (which contains 85.6 mM NaCl). A higher intensity of staining of the 40-kDa band in both Coomassie blue-stained gels and Western immunoblots at sucrose concentrations of 5.0 to 10.0% (Fig. 3B and 3C , lanes 5 to 7, respectively) was observed in comparison to that seen at lower levels of sucrose (lanes 2 to 4). Higher medium osmolarity slightly enhanced growth of V. anguillarum O2 (Table 2).
These data revealed that the apparent amounts of the 40-kDa MOMP in V. anguillarum O2 cells were regulated by osmolarity and by growth temperature. Thus, expression of the MOMP was enhanced by increased concentrations of NaCl (ionicity and osmolarity) or by sucrose (osmolarity) in the growth medium. Whether limitation of divalent cations (Ca 2ϩ and Mg 2ϩ ) in EDTA-containing medium had a direct effect on the levels of the 40-kDa MOMP or whether the decreased amounts of the protein were a consequence of EDTA-induced stress on cell growth and integrity remains unclear.
Purification of the V. anguillarum O2 MOMP. The majority of the 40-kDa MOMP was retained in the sarcosine-insoluble outer membrane fraction (Fig. 4, lane 1) . The MOMP was recovered in the SDOC-insoluble pellet (Fig. 4, lane 3) , suggesting that the protein is closely associated with the peptidoglycan. A second extraction with this detergent did not lead to the further removal of components from the SDOC-insoluble pellet (Fig. 4, lanes 4 and 5) . SDOC buffer containing a high concentration of NaCl (0.5 M) was employed to solubilize the peptidoglycan-associated proteins (25, 26) . The majority of the 40-kDa MOMP and a few minor contaminating proteins were recovered in the NaCl-SDOC-soluble fraction (Fig. 4,  lane 7) .
The trimeric (pore-forming) form of the V. anguillarum porin was purified by gel filtration on a Sephacryl S-300 matrix by using the NaCl-SDOC buffer for elution of the protein. Two protein bands at 64 and 40 kDa were observed in fractions 47 to 53 (data not shown). The appearance of the 64-kDa protein was dependent on the temperature of solubilization of the purified V. anguillarum MOMP prior to SDS-PAGE (see Fig.  5 ). Western immunoblot analysis with polyclonal rabbit serum against the formalin-fixed V. anguillarum O2 cells showed a strong reaction with the 40-kDa antigen band in fractions 47 to 51, and there was weak binding to the 64-kDa antigen band. The polyclonal serum also interacted with LPS molecules, which copurified with the MOMP in fractions 52 and 53 (data not shown). The MOMP eluted in fractions 47 to 51 was apparently devoid of LPS molecules. LPS antigens were not The V. anguillarum MOMP is temperature and SDS modifiable. When samples of the purified 40-kDa MOMP samples were boiled (100°C) for 10 min in sample buffer with or without SDS or the reducing agent 2-ME, a 40-kDa band was observed (Fig. 5A) . In contrast, 64-and 40-kDa protein bands were apparent when samples were solubilized in SDS-containing sample buffer (with or without 2-ME) at temperatures below boiling (Fig. 5B) . Similar data were obtained in the absence of 2-ME (not shown). Furthermore, when samples were incubated in sample buffer without SDS (with or without 2-ME), at 18 to 60°C for 10 min, three bands with apparent molecular masses of 28, 40, and 61 kDa were observed (Fig.  5C) . The presence or absence of 2-ME in the sample buffer had no apparent effects on the mobilities in SDS-PAGE of these MOMP bands, implying a lack of inter-or intramolecular disulfide linkages. Thus, at temperatures below 100°C, the presence of SDS in the sample buffer abrogated the appearance of the low-molecular-mass (28-kDa) polypeptide (Fig.  5B) , and there was a slight decrease (from 64 to 61 kDa) in the apparent mobility of the high-molecular-mass band ( Fig. 5B  and C) .
Therefore, the 40-kDa MOMP was not fully denatured at temperatures below 100°C, and SDS was requisite for denaturation of the polypeptides at low temperatures. Porin proteins occur as trimeric complexes in the outer membranes of gram-negative bacteria, which are dissociated and denatured by boiling in buffers containing SDS (23, 26) . In this study, the 40-kDa band represents the completely denatured V. anguillarum porin protein monomer. The 28-kDa band was detected only at low temperatures and low SDS concentrations (as present in the gel and gel running buffer), and it may represent the intermediate or partially denatured conformation of the porin monomer. The 61/64-kDa band may represent the trimeric porin complexes which are stable at below 100°C in sample buffer without SDS.
Susceptibility of the MOMP to proteolytic digestion. The 40-kDa protein was resistant to trypsin digestion in the intact V. anguillarum O2 cells. In contrast, the majority of other cellular components were depleted at trypsin concentrations of greater than 2.5 g/ml (data not shown). In contrast to that in the intact cell, the purified 40-kDa MOMP was rapidly de- Chemical composition of the porin. We determined the sequence of the first 20 amino acids at the N-terminal end of the 40-kDa MOMP of V. anguillarum O2 (Table 3) . A BlastP search of several databases of reported protein sequences revealed that the N-terminal sequence of the 40-kDa MOMP of V. anguillarum O2 had 93.7% identity to the N-terminal sequence of Omp35La, a recently reported 35-kDa porin-like protein of V. anguillarum (36) . However, the amino acid at the N terminus of the Omp35La was glutamate, and that in our 40-kDa MOMP was threonine ( Table 3 ). The first 16 amino acid residues of the 40-kDa MOMP of V. anguillarum O2 had 56% identity to the 40-kDa MOMP porin of Haemophilus somnus (37) and 50 to 44% identity to other bacterial porins. Of interest was the absolute conservation of residues at positions 4 and 5 (Y and N), 8 (G), and 15 (G) within the Nterminal sequences of the bacterial porin proteins (Table 3) .
We compared the amino acid composition of the 40-kDa MOMP of V. anguillarum O2 with those of porins P2 of Haemophilus influenzae (11, 20) , OmpC of E. coli (18) , and the 32-kDa MOMP of Pasteurella multocida (16) (data not shown). Several properties were shared by all of the porins, including low proline content, high glycine content, and minimal cysteine content. Additionally, the amino acid composition of the MOMP of V. anguillarum O2 exhibited a high percentage of charged amino acids (34%) and a low percentage of hydrophobic residues (26%). Based on the N-terminal sequence analysis, the 40-kDa MOMP of V. anguillarum O2 is related to the E. coli OmpC-OmpF family of porin proteins.
Porin activity of the MOMP. Studies by Simón et al. (33) indicated that the MOMP of V. anguillarum O1 was functionally similar to the E. coli OmpF porin, while Suzuki et al. (36) reported an OmpC-like porin protein. We examined the porin pore activities of the LPS-free (purified by gel filtration) and LPS-containing (crude NaCl-SDOC extract) MOMP preparations in a model membrane system. Similar data were obtained for the two MOMP preparations, indicating that LPS did not influence porin pore activity. Stepwise increases in conductance across the planar lipid bilayer membrane showed major peaks at 0.25, 0.65, 1.05, and 1.86 nS for single events in 1 M KCl (data not shown). The 0.25-nS event is probably due to insertion of a trimeric porin complex, while the larger events represent insertion of several porin complexes. The frequency of insertion of channels of each size (size of conductance step) was charted for a number of events and used for determination of the average single-channel conductance for the MOMP. This was done with each salt solution used (either 0.1 M KCl, 1.0 M KCl, 3.0 M. KCl, or 1.0 M LiCl) to obtain the mean single-channel conductances (data not shown). The V. anguillarum O2 MOMP formed large channels of around 1.52-nS conductance in 1 M KCl. A similar conductance, 1.43 nS, was observed in 1 M LiCl. A linear relationship between the salt concentration and conductance was also observed, indicating that the V. anguillarum O2 MOMP forms large, water-filled channels across the membrane, similar to the case for other general-diffusion porins such as E. coli OmpF and OmpC. However, analysis of the conductances observed with LiCl as the mobile salt and with KCl were consistent with the channel being essentially nonselective for cations over anions and vice versa, indicating that the V. anguillarum O2 porin is a general diffusion pore and is functionally similar to OmpF of E. coli.
Antigenic specificity of the monospecific MOMP-Ab determined by immunoblot analyses. In this study we showed that monospecific MOMP-Ab and fish polyclonal sera reacted with the purified MOMP of V. anguillarum O2, with a single antigen band of between 35 and 42 kDa in cell lysates of V. anguillarum strains of serotypes O1 to O8, with a 40-kDa antigen in all V. 
DISCUSSION
The results presented in this study establish the porin properties of the 40-kDa MOMP of V. anguillarum serotype O2. Similar to other porin proteins, the V. anguillarum O2 40-kDa porin displayed insensitivity to trypsin when localized within the cell envelope, different mobilities when analyzed by SDS-PAGE at low versus high temperatures, a high density of charged amino acids, and a low percent composition of hydrophobic amino acids (26) . N-terminal amino acid sequence analysis of the V. anguillarum O2 40-kDa porin showed similarity with general-diffusion-pore porins found among the ␥-subgroup of the purple bacteria, which includes, among others, the Vibrio, Haemophilus, and Escherichia genera. The V. anguillarum O2 40-kDa porin had 93.7, 56, and 44% identity with the 35-kDa porin-like protein of V. anguillarum serotype O1 (36), the 40-kDa MOMP of H. somnus (37) , and the E. coli OmpC porin (18) , respectively. The absolute conservation of amino acid residues at position 4 (Y), 5 (N), 8 (G), and 15 (G) within the N-terminal amino acid sequences was reported to be characteristic of the trimeric, nonselective porins, excluding those of the genus Neisseria (13) . Similarly, the pore conductance of the V. anguillarum O2 40-kDa porin at 1.52 nS (in 1 M KCl) was comparable to that of E. coli OmpF (1.8 nS) (6) . Like the E. coli OmpF and V. cholerae OmpUF porins (9), the V. anguillarum O2 40-kDa porin formed a general diffusion pore, with no evident selectivity for cations over anions or vice versa. The 40-kDa MOMP porin of V. anguillarum serotype O1 (33) was also reported to be functionally similar to OmpF, and different voltage-dependent effects on the pore conductance activities of the LPS-containing and LPS-free porin preparations were observed. The porin investigated here was functionally similar to E. coli OmpF, and LPS had no apparent effect on the porin activity.
The 40-kDa porin of V. anguillarum O2 maybe osmoregulated. Similar to the case for the E. coli OmpC porin, the relative amounts of the V. anguillarum O2 40-kDa porin were enhanced by increased osmolarity and ionic strength (NaCl concentration) of the medium. Furthermore, the V. anguillarum O2 40-kDa porin may be coregulated by temperature, as expression of the protein appeared to be favored at 25°C and was suppressed at an elevated temperature (37°C). At 37°C, expression of a novel 60-kDa protein was also observed. Piccininno et al. (30) described a 66-kDa protein in V. anguillarum cells cultured at low osmolarity and high temperature. In our study, the 60-kDa protein was not observed when V. anguillarum O2 cells were grown in medium containing 0 mM NaCl or containing sucrose (as an osmolyte), suggesting that the 60-kDa protein was expressed in response to growth at adverse (stress-inducing) temperatures. Although V. anguillarum strains are isolated primarily from marine environments, the bacterium can become established in freshwater systems (31) . V. anguillarum species infecting or associated with migratory fishes are exposed to both marine and freshwater environments. Presumably, the 40-kDa porin is one of the factors which play a role in adaptation of the bacterium to changes in osmolarity and salinity. An examination of the regulatory mechanisms of the porin(s) would provide insights into adaptational features representative of each environment. Since the ambient temperatures of marine environments are below 37°C and temperatures do not fluctuate dramatically, the possible role of thermal control of porin regulation in V. anguillarum O2 is intriguing.
The production of OmpC and OmpF in E. coli is regulated by temperature and osmolarity of the growth medium, such that OmpC is positively regulated and OmpF is negatively regulated (12, 19) . The 40-kDa porin of V. anguillarum O2 investigated here revealed features similar to those of both OmpF and OmpC. The V. anguillarum O2 40-kDa porin was similar to the OmpF porins in pore size and pore function. Like for the OmpF porin, elevated temperatures suppressed the 40-kDa porin. However, our studies also showed that the V. anguillarum O2 40-kDa porin, like E. coli OmpC, was positively regulated by osmolarity of the growth medium and salt concentration. The N-terminal sequence of the V. anguillarum O2 40-kDa porin also showed some identity (44%) to that of the E. coli OmpC porin. Further studies on cloning and nucleotide sequence analysis of the gene(s) encoding the V. anguillarum porin protein(s) are necessary to determine the mechanisms of environmental regulation, protein structure, and similarities between OmpF and OmpC porins and the V. anguillarum O2 40-kDa porin and between the V. anguillarum O2 40-kDa porin and the porins identified by Simón et al. (33) and Suzuki et al. (36) .
The primary target for EDTA in cell envelopes of gramnegative bacteria is the outer membrane. EDTA chelates and removes Mg 2ϩ and Ca 2ϩ ions which form cationic bridges between phosphate residues of adjacent LPS molecules (6, 7) and removes Mg 2ϩ and Ca 2ϩ ions from porin proteins (9, 42) , causing disruption of the structural and functional integrity of the outer membrane (24, 27) . However, the EDTA sensitivities of different bacteria are dependent on the structure of the cell membrane (density of the cationic bridges) and composition of the growth medium (7, 27, 38) . In this study, EDTA at low concentrations inhibited growth of V. anguillarum O2 cells and at higher concentrations was toxic for the cultures. V. anguillarum O2 cells surviving growth in 0.6 to 5 mM EDTA showed an apparent reduction in cellular levels of most proteins, including the V. anguillarum O2 40-kDa porin. Interestingly, under these growth conditions, there was increased production of a novel 19-kDa protein band. Temple et al. (38) reported enhanced proteolysis of cell envelope proteins when Pseudomonas stutzeri cells were grown in EDTA-containing medium.
Resistance to EDTA was correlated with enhanced production of a 20-kDa protein in P. stutzeri (38) and of a cationic 21-kDa protein, OprH, in P. aeruginosa (5, 24) . OprH is proposed to stabilize the cell envelope by functionally replacing the cations in EDTA-treated or Mg 2ϩ -depleted cells (5, 24) . It will be interesting to determine whether the novel 19-kDa protein is functionally similar to OprH. In this study we did not identify whether the levels of the 19-kDa protein and the 40-kDa porin in V. anguillarum O2 cells were modulated directly by EDTA or indirectly by depletion of essential divalent cations from the growth medium.
We have identified environmental and growth medium components which affect the cellular levels of the V. anguillarum serotype O2 40-kDa porin. The V. anguillarum O2 40-kDa porin showed similarity to both the OmpF and OmpC families of porin proteins. Further studies at the molecular level will allow a better understanding of the mechanisms for regulation and expression of the V. anguillarum porin(s) and the role of the protein in pathogenicity of the bacterium and in survival in the marine environment.
